Abstract: The sustainable use of water is becoming increasingly important for food security in arid and semi-arid regions with limited water resources. This study was conducted to determine the optimal coupling combinations between irrigation and seeding rates in order to achieve the high grain yield and efficient irrigation water use simultaneously for wheat grown under arid conditions. The experiment was conducted during 2013/2014 and 2014/2015 growing seasons to study the effect of three irrigation rates i.e. 1.00, 0.75, and 0.50 of the estimated evapotranspiration (ET) and five seeding rates i.e. 150, 250, 350, 450 and 550 seeds/m 2 on yield components, grain yield and irrigation water use efficiency (IWUE). The results indicated that grain yield and yield components of Sakha 94 were gradually decreased by decreasing irrigation rates and increasing seeding rates. The values of IWUE and harvest index were decreased also by decreasing irrigation rate, while the highest values for both traits were achieved at 350 seeds/m 2 . The seeding rate of 350 and 250 seeds/m 2 were most effective to obtain the lowest value for seasonal yield response factors under 0.75 and 0.50 ET, respectively. Based on the production functions of grain yield versus seeding rates for each irrigation rate, the optimum seeding rate for the maximum grain were 411 and 425 seeds/m 2 for 1.00 ET, 362 and 378 seeds/m 2 for 0.75 ET and 315 and 350 seeds/ m 2 for 0.50 ET in the first and second season, respectively.
INTRODUCTION
Water shortages currently pervade almost every country in arid and semi-arid regions and recently become the basic norm rather than the exception in these regions. Another worrying fact is that the shortage water in these regions is further worsened by abrupt climate change and population growth. Therefore, water shortage events have gained increasing importance in both the scientific and political agendas. Because the agricultural sector is the major consumer of water supply, thus the sustainable use of water resources and increase water use efficiency (WUE) in this sector is becoming necessary to face this challenge. In this situation, it is important to apply some targeted activities in order to decrease the amount of water used for crop production.
Strategic options for improving WUE in crop production sector include improving land husbandry, developing of drought tolerant genotypes, and applying special agronomic practices (Richards, 2004; Boutraa, 2010) . While further genetic enhancement and soil management may need many efforts over several years to get sensible results, applied suitable agronomic practices will give the most immediate, economic and effective way to improve irrigation WUE in crop production sector (Singh et al., 2010) . Generally, the improvement of WUE at field scale is expected to depend equally on applying the best agronomic practices and using the drought tolerant genotypes (Passioura, 2006) . For example, Morison et al. (2008) reported that, in the water-scarce environments, about half of yield improvements related to improvements in genetic potential and the other half related to apply of the best agronomic practices. Most importantly, the vital role of genetic potential in improving WUE can only be achieved if the appropriate agronomic practices are also be coupled simultaneously. From this point of view, we can say that the role of agronomic practices in improving irrigation WUE in crop production sector might be effective as well as we can rely basically on these practices in order to achieve our goal for conservation agricultural water.
Deficit irrigation strategy is one of the agronomic practices has been suggested in arid and semi-arid regions in order to achieve the goal of reducing irrigation water use in the agriculture sector. With this strategy, the crops are irrigated with an amount of water less than their requirements during the whole or specific phenological stages of crop cycle (Fereres and Soriano, 2007) . Because the grain yield of C 3 plants such as wheat is linearly correlated with the crop evapotranspiration, thus it is difficult to apply the deficit irrigation strategy for wheat production without an accompanying reduction in the final grain yield. For instance, Mugabe and Nyakatawa (2000) reported that the reduction in final grain yield of wheat crop under 75 and 50% of crop water requirements were an average for 2-years studies of 12 and 20%, respectively. However, on the other hand, the water deficit strategy increases the WUE by maximizing the production per unit of water consumed rather than emphasizing production per unit area. Numerous studies have reported that the WUE of cereal crops such as wheat, maize and rice increased by 10 to 42% under water deficit conditions as compared with normal irrigation (Xue et al., 2006; Soundharajan and Sudheer, 2009; Li et al., 2010; M'hamed et al., 2015) .
The reduction in the final grain yield of wheat under water deficit strategy is caused by a reduction in many yield components especially the number of spikes per square meter, the number of grains per spike and the weight of single grain. For instance, Zhong-hu and Rajaran (1994) and Passioura and Angus (2010) reported that spike number per square meter, grain number per spike and sometimes grain weight were the most sensitive yield components to water deficit particularly when it apply this strategy around anthesis and during grain-filling growth stages. Therefore, applying water deficit strategy needs to be coupled with other agronomic practice to compensate the adverse effects of water deficit on important yield components.
Interesting, the most yield components that negatively affected by water deficit are able to compensate for one another in order to stabilize yield. Therefore, numerous studies have demonstrated that seeding rate is one of the suitable agronomic practices that might play a complementary role with water deficit strategy in order to improve yield and WUE simultaneously. In addition, seeding rate is a particular importance in wheat production because it is under the farmer's control in most cropping system. In general, high seeding rate in wheat increase the number of spikes per square meter, but decrease the number of spikes per plant and grain weight per spike, whereas the opposite occurs with low seeding rate (Arduini et al., 2006; Chen et al., 2008; Seleiman et al., 2010; Naseri et al., 2012; Valério et al., 2013) . Whaley et al. (2000) reported that the decrease of seeding rate in wheat from 338 to only 19 seeds/m 2 increased number of grains per spike by 50%. The grain number per spike increased by only 10% in other study, when seeding rate was decreased from 625 to 325 seeds/m 2 (Ozturk et al., 2006) . Tompkins et al. (1991) found that number of spike per square meter increased when seeding rate was increased from 65 to 400 seeds/m 2 . Ali et al., (2004) also reported that increase seeding rate from 300 to 400 and 500 seeds/m 2 significantly increased number of spikes per square meter, whereas grain weight per spike and individual grain weight were significantly decreased. Therefore, the proper matching between seeding rate and water deficit is essential for a successful production of wheat crop under arid conditions. The manipulation of seeding rate under deficit irrigation treatments could exert great impact on final grain yield of wheat. In general, the best seeding rate under deficit irrigation is that which maximizes grain yield and irrigation WUE simultaneously.
From the management point of view, it can conclude that the responses of final grain yield of wheat for seasonal ET is linear, whereas it was quadratic for seeding rate. In light of this facts, the objectives of this study were: (1) to determine the impacts of irrigation and seeding rates on wheat production and WUE , and (2) to establish the optimum coupling combinations between irrigation and seeding rates in order to achieve maximum yield and IWUE for wheat grown under either sufficient or deficit water application. In both seasons, the experiment was set in a randomized complete block split plot design with three replicates. Different treatments of irrigation water and seeding rates were randomly assigned to the main plots and subplots, respectively. Each subplot consisted of six rows with a length of 6.0 m and spaced 0.20 m apart (a plot area equal 7.2 m 2 ). There was a 1 m between the adjacent subplots and 3 m between the main plots in order to control irrigation. Seeds of Sakha 94 were planted on December 1 th 2013 and November 28 th 2014. Nitrogen fertilizer was applied at a rate of 120 kg ha -1 of N in three equal doses at sowing, beginning of tillering and beginning of booting stages. Phosphorus fertilizer was applied at a rate of 31 kg ha -1 P 2 O 5 prior to sowing. Other agronomic practices such as protected wheat plants from weeds and diseases were done in a timely manner.
MATERIALS AND METHODS

Experimental treatments
Three irrigation water rates (I 1 : 1.00, I 2 : 0.75 and I 3 : 0.50 of the estimated crop evapotranspiration, ET), which represented 625.0, 468.75 and 312.50 mm/ha of water, respectively, were applied by surface irrigation. To deliver constant and equal amounts of water to each plot, the main line of surface irrigation which delivers the water from water source to plot was distributed to the sub-main hoses at each plot and equipped with manual control valves. To calculate the amount of water applied for each irrigation treatment, a flow meter was connected where the water passing from the source of water to the main line of surface irrigation. The surface irrigation was applied eight times during the growing season. The time of irrigation and the quantities of water applied at each time for each treatment are given in Table ( 1). The phenological stages where irrigation are applied were determined based on Zadoks' decimal code of growth stages (Zadoks et al., 1974) .
The amount of irrigation water applied for each irrigation in mm ha -1 was calculated according to the daily reference evapotranspiration (ET O ) and the crop coefficient (K C ). The ET O was computed using the Penman-Monteith method (Allen et al., 1998) and the daily climatic data obtained from the agrometeorological station adjacent to experimental location. The FAO Kc values that suggested by FAO-56 (Allen et al., 1998) 
Measurements
At maturity, twenty guarded plants were removed from each plot and measured for plant height, number of tillers and spikes per plant, number of grains per spike and weight of a thousand grains. The thousand grain weight was calculated from the average weight of five sets of 1000 grains. The total of grain yield per hectare was determined by hand harvesting an area of four rows 4.0 m in length (3.2 m 2 ). Before threshing the bundles of harvested area, the bundles were weighed in order to calculate the biological yield and then threshed using a plot combine. The grain yield was calculated based on 15% moisture content at harvest.
Harvest index (HI) was calculated by dividing the weight of grain yield by the weight of biological yield and was expressed in percent. Irrigation water use efficiency (IWUE) was calculated by dividing the weight of grain yield from a given irrigation treatment and seeding rate (kg/ha) by the amount of applied irrigation water for each irrigation treatment (mm/ha).
Yield response factor (k y )
The k y values, which represent the relationship between the relative yield reduction (1-Y a /Y m ) and relative ET deficit (1-ET a /ET m ), for each seeding rate at 0.75 and 0.50 ET treatments were calculated using the following formula (Doorenbos and Kassam 1979): Where Ya, Y m , ET a and ET m represent the actual and maximum of grain yields (Y) and seasonal crop evapotranspiration (ET), respectively. The highest grain yield under 1.00 ET and the amount of irrigation water applied for also 1.00 ET were assumed as the corresponding maximum Y m and ET m , respectively. Whereas, the grain yield and the amount of irrigation water applied at the combinations of 0.75 and 0.50 ET with different seeding rates were assumed as the actual grain yield (Ya) and actual evapotranspiration (ETa), respectively.
Statistical analysis
Data were tested using a split-plot design and the irrigation water amounts and seeding rates were considered fixed effects. The statistical analysis was performed by CoStat system for Windows, version 6.311 (CoHort software, Berkeley, CA 94701). The differences among the treatment means were compared by using Duncan's multiple test at 95% levels of probability. Regression analysis was performed to investigate the relationship between yield and ET and the best relationship between yield and seeding rates. The regression analyses were performed by Sigma Plot 8.0 (Systat software, Inc., San Jose, CA, USA). In general, all studied yield components and grain yield were gradually decreased by decreasing irrigation rates (Tables 2 and 3 ). Averaged over the two growing seasons, the decreases in yield components and grain yield at 0.75 and 0.50 ET were 11.8 and 27.1% for plant height, 18.9 and 38.0% for tiller number per plant, 16.1 and 39.7% for spike number per plant, 10.6 and 31.8%. for grain number per spike, 6.4 and 23.5% for 1000-grain weight, and 27.4 and 59.3% for grain yield per hectare, respectively, when compared with 1.00 ET treatment (Tables 2 and 3 ). These results indicate that wheat crop is very sensitive for water shortage and it is difficult exposing wheat plants to deficit irrigation without expecting reduction in grain yield and its components. These results are in agreement with earlier studies reporting that in order to obtain the maximum production for wheat crop, the amount of water applied should be sufficient to meet the water requirement of the plants at different growth stages (Zhang et al., 2006; Ali et al., 2007; Karam et al., 2009 ). The reduction in grain yield and its components with decreasing irrigation rate may be due to the increase of total resistance in the soil-plant system leads to change in patterns of plant growth and development, and disturbance metabolites transportation to the grains (Kramer and Boyer 1995; Ouda 2006) . Whereas, applied of sufficient irrigation water might help plant to absorb their need from water and nutrients (Ramadan and Awaad; . (Tables 2 and 3 ). These results indicate that the production of individual plants becomes a limiting factor for maximize final grain yield under high seeding rates and the compensatory relations among yield components is almost absent; probably because of maximize plant-toplant competition. Although the inverse is true under very low seeding rates as found at 150 seeds/m 2 in this study, the production of individual plants are not sufficient to compensate the reduction in number of plants per unit area. Thus, the final grain yield becomes a limiting factor under very low seeding rates (Awad et al., 2013; Al-Suhaibani et al., 2013) .
The irrigation rate and seeding density interaction had a significant effect on final grain yield and its components in both growing seasons (Tables 2 and 3 ). In general, the response of yield components and grain yield for irrigation rates dependent on plant density. (Tables 3 and 4 ). These results indicate that the production of wheat under deficit irrigation requires the necessity for decreasing seeding rate compared with those produced under full irrigation conditions. This was because the low seeding rate under limited water application provides more water and nutrients per plant compared with high seeding rate. Ali et al. (2007) and Hu et al. (2015) reported that the lower ET at low seeding rate compared with high seeding rate reflects less water requirement.
Biological yield and harvest index
The data in Table ( 4) showed that the values of biological yield and harvest index (HI) were gradually decreased by decreasing irrigation rate. The highest seeding rates (450 and 550 seeds/m 2 ) produced the highest value for biological yield per hectare. Whereas, the highest value for HI was obtained from the medium seeding rates (250 and 350 seeds/m 2 ). Interestingly, the interaction between irrigation rate and seeding rate had a significant effect on both traits (Table 4) . For biological yield, the value of this trait at the combination of high seeding rate with deficit irrigation was always comparable with those of the combination of low seeding rate with full irrigation. However, the highest values for HI were always obtained from the combinations of seeding rates at 250, 350 or 450 seeds/m 2 with 1.00 or 0.75 ET (Table 4) . These results clearly indicate that the translocation process towards the sink was affected adversely by very low or high seeding rates and it more significantly correlated with grain yield than straw yield. These findings are in agreement with those of Arduini et al. (2006) , Ali et al. (2010) , and Abd El-Lattief (2014), who found significantly relationships between HI and the balance between grain yield and straw yield under different agronomic treatments.
Irrigation water use efficiency
High or medium irrigation rate (1.00 or 0.75 ET) and medium seeding rate (350 seeds/m 2 ) displayed the highest value for irrigation water use efficiency (IWUE) in both seasons (Table 4) . Interestingly, the values of IWUE, especially in the second season, at the combinations of very low irrigation rate (0.50 ET) with 250 seeds/m 2 were comparable with those the combinations of high irrigation rate (1.00 ET) or medium irrigation rate (0.75 ET) with medium or high seeding rates. The lowest IWUE was recorded for the combination of 1.00 or 0.75 ET with 150 seeds/m 2 (Table 4 ). This finding indicates that deficit irrigation can effectively supported IWUE under low seeding rate. In addition, although the irrigation rate is vitally important for supporting IWUE, plant density is also play an important role for maximizing net income per unit water (Zhang et al., 2004; El-Hendawy et al., 2008) .
Yield response factor (ky) Doorenbos and Kassam, (1979) used the value of ky to understand the relationship between the relative grain yield decrease (1 -Y a /Y m ) and the corresponding relative water deficit (1 -ET a /ET m ). In general, if the ky value is greater than 1, this indicate that the reduction in final grain yield is great and most sensitive to water deficit. However, if the ky value is less than 1, the reduction in final grain yield is less sensitive to water deficit (Kirda, 2002) . In this study, the lowest ky value for medium irrigation rate (0.75 ET) was obtained when it combined with 350 seeds/m 2 , whereas for the low irrigation rate (0.50 ET), it was obtained when combined with 250 seeds/m 2 (Table 5 ). This finding indicates that the reduction in grain yield under deficit irrigation practices could be acceptable when they combined with moderate seeding rate. In addition, the combined of 0.75 or 0.50 ET with very low or high seeding rates always produced the highest values for ky (Table 5 ). This result may be due to the high competition between plants under high seeding rate and the ability of production of individual plant under low seeding rate doesn't compensate the reduction in number of plants per unit area leads to decrease the final grain yield per unit area and therefore increase the value of ky.
Production functions
The relationship of grain yield with the irrigation and seeding rates were used in order to develop the production functions for both treatments. In general, the best relationship between grain yield and the irrigation rate was linear and significant with intermediate coefficient of determination (R 2 = 0.54 and 0.53) in first and second season, respectively (Fig. 1) . However, the second order relationship was found as the best model described the relationship between grain yield and seeding rates (Fig. 2) . In addition, the regression between grain yield and seeding rate showed a second order relationship for each irrigation rate with high coefficient of determination for 1.00 ET (R 2 = 0.99 and 0.96) and for 0.75 ET (R 2 = 0.79 and 0.84) and intermediate coefficient of determination for 0.50 ET (R 2 = 0.31 and 0.53) in the first and second season, respectively (Fig. 3) . Based on the equations in Fig. (1) , the basal amount of irrigation water needed to initiate grain yield irrespective of seeding rates was determined to be 129.2 and 53.6 mm and after that the increase in grain yield for each unit increase in water applied were 9.95 and 9.62 kg/mm 1 in the first and second season, respectively. The yield relationship to seasonal ET for wheat has been reported as linear by Musick et al. (1994) , Zhang et al. (1999) , and Huang et al. (2004) with an increase in grain yield for each unit increase in water applied by 12.2, 10.0 and 11.2 kg/mm 1 , respectively.
Based on the equations in Fig. (2) , the optimum seeding rate for the maximum grain yield irrespective of irrigation rates was 391 and 383seeds/m 2 in the first and second season, respectively. The both values were obtained by taking the first derivation of each equation reported in Fig. (2) and equalizing to zero. However, the optimum seeding rate for the maximum grain yield were 411 and 425 seeds/m 2 for 1.00 ET, 362 and 378 seeds/m 2 for 0.75 ET and 315 and 350 seeds/m 2 for 0.50 ET in the first and second season, respectively (Fig. 3) . 
CONCLUSION
These results indicate that it is important to determine the optimal coupling combinations between irrigation and seeding rates to achieve the maximum grain yield of wheat. It is appear that it is important to decrease seeding rate under deficit irrigation and vice versa where the irrigation water is not limited factor for wheat production.
